Sister-chromatid cohesion describes the orderly association of newly-replicated DNA molecules behind replication forks. It plays an essential role in the maintenance and the faithful transmission of genetic information. It is created by DNA topological links and proteinaceous bridges, whose formation and deposition could be potentially affected by many different DNAbinding proteins. However, a mean to analyse local variations in the duration of cohesion on a whole genome was lacking. Here, we present a High-throughput methodology to monitor Sister Chromatid Contacts (Hi-SC2), and show that it permits to analyse locus-specific variations in sister-chromatid cohesion over the whole length of chromosomes.
Introduction
During replication, sister DNA copies are orderly associated by the formation of DNA topological links and proteinaceous bridges. The phenomenon is referred to as sister-chromatid cohesion. Cohesion facilitates homology search for recombinational repair and ensures that sister chromatids are suitably positioned for segregation (Kleckner et al., 2014; Morales and Losada, 2018) . Fluorescence microscopy observations of bulk DNA and of a limited number of genomic positions in a few cellular models suggested that the duration of cohesion varied according to genomic position (Espeli et al., 2008; Fisher et al., 2013; Javer et al., 2013; Kleckner et al., 2004) . However, the amount of time necessary to label a given genomic position to observe its replication and segregation dynamics using live fluorescence microscopy and the limited spatial resolution of fluorescence imaging prevents whole-genome high-resolution analyses of the relative cohesiveness of sister DNA copies.
Here, we present a High-throughput methodology to monitor Sister Chromatid Contacts (Hi-SC2), which can be used to analyse locus-specific variations in sister-chromatid cohesion over the whole length of chromosomes at a high resolution. As a proof of principle, we applied it to Vibrio cholerae, the agent of the deadly human disease cholera, which is closely related to Escherichia coli in the phylogenetic tree of life, the only organism in which cohesion was so far extensively investigated (Bates and Kleckner, 2005; Joshi et al., 2013; Stouf et al., 2013) .
V. cholerae carries homologues of most of the chromosome replication, maintenance and segregation machineries of E. coli (Heidelberg et al., 2000) . However, its genome is divided on two circular chromosomes, Chr1 and Chr2, whereas E. coli harbours a single chromosome (Trucksis et al., 1998; Yamaichi et al., 1999) . Chr1 derives from the mono-chromosomal ancestor of E. coli and V. cholerae whereas Chr2 derives from a domesticated mega-plasmid.
Nevertheless, the organisation and positioning of Chr2 participate to the cell cycle of the bacterium (Galli et al., 2016) . Chr1 and Chr2 harbour a single origin of bi-directional replication, ori1 and ori2, respectively. Replication terminates in a region opposite of their origin, next to a site dedicated to the resolution of topological problems due to their circularity, dif1 and dif2, respectively (Galli et al., 2019; Val et al., 2008) . Most strains of V. cholerae are not pathogenic or only cause local outbreaks of gastroenteritis. Epidemic strains have so far been found in only 2 out of >200 possible somatic O-antigens serogroups (Chatterjee and Chaudhuri, 2003) . Epidemic strains are characterized by the capacity to produce cholera toxin, which is responsible for the deadly diarrhoea associated with the disease, and Type IV toxincoregulated pili (TCP), which are essential for small intestine colonization (Herrington et al., 1988) . Both virulence factors are acquired by horizontal gene transfer. Cholera toxin is encoded in the genome of a lysogenic phage, CTXΦ (Waldor and Mekalanos, 1996) , which almost always integrates behind a Toxin Linked Cryptic satellite phage, TLCΦ, at the dif1 locus (Hassan et al., 2010; Midonet et al., 2019) . TCP is encoded in a 39.5 kbp vibrio pathogenicity island inserted in Chr1, VPI-1. In addition to its role in intestine colonization, TCP serves as a receptor for CTXΦ (Davis and Waldor, 2003) . Hi-SC2 revealed that cohesion is highly prolonged in large genomic territories centred on the origin and terminus of replication of Chr1 and Chr2. It further revealed that the H-NS nucleoid-structuring protein, which acts as a transcriptional repressor in horizontally-acquired elements (Dorman, 2007) , dramatically extends the duration of cohesion within VPI-1 and the O-antigen region (Ayala et al., 2015; Chun et al., 2009; Herrington et al., 1988) . Finally, Hi-SC2 unveiled small locus-specific variations in the duration of cohesion over the whole length of each of the two Vibrio cholerae chromosomes, which had so far escaped scrutiny.
Results

Hi-SC2 design
Hi-SC2 exploits paired-end deep-sequencing to determine in parallel the status and position of sister-chromatid contact (SC2) reporters inserted at random positions in a library of cells ( Figure 1A) . The SC2 reporters are site-specific recombination cassettes. They consist of a very short DNA segment flanked by two directly-repeated site-specific recombination (SSR) sites.
The small distance between the SSR sites prevents intramolecular recombination, which would excise the DNA segment separating the SSR sites and leave a single SSR site as a scar.
However, intermolecular recombination events between sister copies of a reporter can also lead to the replacement of a cassette by a single SSR site Lesterlin et al., 2012) . Hence, the frequency of replacement of a reporter by a single SSR site, , reflects the frequency of contacts between sister chromatids at its position of insertion, which can be used as a measure of the duration of cohesion ( Figure 1A ). In brief, Hi-SC2 starts with the introduction of a conditional expression allele of site-specific recombinase in a cell line and the creation of a library of cells harbouring a cognate SC2 reporter at random genomic positions by transposition. Production of the SSR is induced for different lengths of time during cell growth and/or at specific stages of the cell cycle. High-throughput paired-end sequencing is then used to determine the position and recombination status of the SC2 reporters.
Analysis of Sister-Chromatid Cohesion in V. cholerae
As a proof of principle, we applied Hi-SC2 to V. cholerae. To this end, we equipped an El Tor N16961 V. cholerae strain with an inducible allele of the tyrosine recombinase of phage P1, Cre, which acts on a 34 bp SSR site, loxP. We inserted a SC2 reporter consisting of two directly repeated loxP sites separated by 21 bp in a Mariner transposon specifically designed for efficient Tn-seq analysis (van Opijnen et al., 2009 ). We created cell libraries containing >10 5 independent transposition events, which corresponds to an average of >1 reporter every 40 bp (Table S1 ). A total number of 10 7 paired-end sequencing reads was sufficient to obtain a mean number of >100 reads per reporter position, which permitted to calculate at most (if not all) reporter positions ( Figure S1 ). can be analysed at different scales of precision ( Figure   S2 ). For the purpose of the present work, we calculated the mean of over 10 kbp sliding-windows, which permits to highlight both short-range and long-range variations in cohesion along the two V. cholerae chromosomes in a small figure ( Figure S2 ). By convention, we present the profile of each chromosome in a clockwise orientation starting from their origin of replication ( Figure 1B) .
Before Cre production, we didn't observe any replacement of the SC2 reporter cassette by a single SSR site, demonstrating that such events exclusively resulted from Cre-mediated recombination ( Figure 1B, 0' ). increased as a function of time after the induction of Cre production ( Figure 1B ). It was not constant along the length of the genome, reaching a maximum of ~70% after 90' in slow growth conditions ( Figure 1B ). Higher frequencies were obtained at the same time in fast growth conditions, as expected because of the higher number of replication cycles ( Figure S3A and B). Independent Cre-based SC2 reporter libraries yielded identical profiles, demonstrating the reproducibility of the technique ( Figure S3C and D).
By comparison, the excision of a long loxP-cassette, which permits Cre-mediated intramolecular recombination, was constant over the whole genome and reached a frequency of 80% in only 30' of induction in slow growth, demonstrating that profiles were not due to differences in the accessibility of DNA and/or the activity of Cre along the genome ( Figure   S4 ).
Cohesion is extended in large territories centred on ori1, ori2, dif1 and dif2
was strikingly elevated in four large 200 kbp genomic territories centred on the replication origin and replication terminus of each of the two V. cholerae chromosomes, indicating that sister copies of these regions remained cohesive for a longer period of time than sister copies of the rest of the chromosome replication arms (Figure 1 , Figure S3 and S5). was maximal near dif1 and dif2, (Figure 1B , Figure S3 and S5). It reached up to 70% at these positions after 90' of induction in slow growth conditions, while it was only in the order of 20% in the flanking regions ( Figure 1B , Figure S3 and S5). The extensive cohesion of the dif1-terrirory fits with previous fluorescence microscopy observations, which suggested that sister dif1 copies remained associated until the initiation of septum constriction Galli et al., 2017) . However, sister copies of dif2, which is replicated at the same time of the cell cycle as dif1, were found to split ahead of the initiation of septum constriction, in apparent contradiction with the Hi-SC2 data Galli et al., 2019) . To resolve this issue, we analysed sister-chromatid contacts at the time of cell division using a reporter based on a site-specific recombination machinery whose activity is restricted to the time of constriction, Xer Kennedy et al., 2008; Val et al., 2008) . Xerbased was null at all genomic positions but in the immediate vicinity of dif1 and dif2, in agreement with the ordered choreography of segregation of Chr1 and Chr2 and the temporal restriction of the activity of Xer ( Figure 2 ). It remained very low over the whole dif2-territory,
including the dif2 position ( Figure 2 ). It was also low in most of the dif1-territory, apart from the immediate proximity of dif1, where it was as high as Cre-based ( Figure 2 ). Taken together, these results suggest that sister copies of the origin and terminus regions of the two V.
cholerae chromosomes are highly cohesive behind the replication forks and that most of the links between sister copies of genomic positions within the dif1-and dif2-territories are released prior to the initiation of cell division, with the exception of the immediate vicinity of dif1 ( Figure 2 ).
VPI-1 creates a highly cohesive territory
Hi-SC2 further revealed the existence of a large 200 kbp territory in the middle of the left replication arm of Chr1 where was elevated ( Figure 3A and Figure S3D ). This domain is centred on VPI-1. Deletion of VPI-1 supressed the elevated within the whole territory, without affecting in the rest of the genome ( Figure 3A and Figure S6 ). These results prompted us to use fluorescence microscopy to inspect the segregation of a locus within the VPI-1 territory, L1, with respect to the segregation of a locus immediately downstream of it on the same replication arm, L2 ( Figure 3B ). As a comparison, we analysed the relative segregation of two genomic positions in the right replication arm, R1 and R2, which are located at approximately the same distance from ori1 than L1 and L2, but had equivalent values ( Figure 3B ). We observed more cells with two R1 foci and a single R2 focus than cells with a single R1 focus and two R2 foci, as expected from the earlier replication of R1 ( Figure 3B , left panel). In contrast, there were more cells with a single L1 focus and two L2 foci than cells with two L1 foci and a single L2 focus, demonstrating that the separation of sister L1 copies was delayed compared to the separation of sister L2 copies, as predicted by Hi-SC2 ( Figure 3B , middle panel). Furthermore, we found that deletion of VPI-1 alleviated the segregation delay of sister L1 copies ( Figure 3B , right panel). Together, these results demonstrate that VPI-1 creates a highly cohesive territory.
The Histone-like Nucleoid Structuring protein promotes cohesion
The Histone-like Nucleoid Structuring protein, H-NS, acts as a transcriptional repressor in horizontally-acquired elements (Dorman, 2007) . It regulates the virulence of V. cholerae and covers the VPI-1 and O-antigen regions (Figure 4 , bottom panel; Ayala et al., 2015; Chun et al., 2009; Herrington et al., 1988) . Deletion of hns suppressed sister-chromatid cohesion within the 100 kbp origin-proximal part of the VPI-1 territory and the O-antigen region without affecting surrounding regions, demonstrating that H-NS is a region-specific cohesion factor ( Figure 4 and Figure S7 ).
Hi-SC2 unveiled small locus-specific variations in the duration of cohesion
Small short-distance (<10 kbp) fluctuations in the Hi-SC2 profiles are superimposed on the large long-distance variations ( Figure 1B , Figure S2 ). Independent Cre-based SC2 reporter libraries yielded identical short-distance variations, indicating that they were not due to experimental noise ( Figure S3C , S6 and S7). Furthermore, short-distance variations changed depending on the growth conditions, indicating that they were linked to physiological parameters ( Figure S3A ). Taken together, these results suggest that short-distance variations probably reflect small locus-specific differences in the duration of cohesion over the whole length of chromosomes, which couldn't be explored with current fluorescence microscopy techniques.
Discussion
Sister-Chromatid Cohesion plays an essential role in the maintenance and the faithful transmission of genetic information. Previous work suggested that many different DNAbinding proteins could affect cohesion. However, the duration of cohesion was only characterized in detail at a limited number of genomic positions in a few model organisms. The
Hi-SC2 methodology we describe here offers the possibility to analyse local variations in the duration of cohesion at a high resolution over a whole genome ( Figure 1 
Initiation and termination of replication take place in cohesive territories
Hi-SC2 demonstrated that sister-chromatid cohesion is prolonged in 200kbp territories centred on the replication origin and replication terminus of each of the two V. cholerae chromosomes ( Figure 2 ). Thus, Hi-SC2 opens up a new field of investigation on the relationship between the formation of these highly cohesive territories, the actual replication process and the regulation of replication in different bacterial and eukaryotic models.
Cohesion is released before the actual repositioning of sister copies
Fluorescence microscopy showed that sister copies of the origin region of the E. coli chromosome are highly cohesive (Bates and Kleckner, 2005; Joshi et al., 2013) . We could have expected cohesion at the origin region of the V. cholerae chromosomes to be more limited than cohesion at the origin of the E. coli chromosome because the V. cholerae chromosomes, as most other bacterial chromosomes and in contrast to the E. coli chromosome, are equipped with a partition machinery dedicated to the active segregation of sister origin copies (Fogel and Waldor, 2006; Yamaichi et al., 2007) . The observation of the elevated cohesiveness of the replication origins of the V. cholerae chromosomes suggest that the partition machineries cannot release all of the cohesion links but only serve to assure the correct repositioning of sister origins in the cell after their individualisation.
Sister copies of the terminus region of the chromosome of slow growing E. coli cells were also proposed to be highly cohesive based on genetic experiments and fluorescence microscopy observations (Galli et al., 2017; Stouf et al., 2013) . It was attributed to the requirement for the activity of a conserved ATP-dependent DNA pump anchored in the division septum, FtsK, in sister termini separation (Stouf et al., 2013) . However, FtsK is only active during septum closure Kennedy et al., 2008) , whereas our Hi-SC2 results demonstrate that sister copies of the terminus region of Chr2 and of the major part of the terminus region of Chr1 are separated before the initiation of constriction ( Figure 2 ). This observation suggests that FtsK does not participate in the release of cohesion at the terminus of the V. cholerae chromosomes but only serve to assure their faithful distribution in opposite daughter cell compartments.
Taken together, these results suggest that segregation is a multi-step process, with release of cohesion and condensation driving the individualisation of sister copies before their active repositioning in the cell, as proposed in eukaryotes.
Transcription regulation programs can promote cohesion
Hi-SC2 revealed that VPI-1 created a highly cohesive territory in the middle of the left replication arm of Chr1 (Figure 3 ). VPI-1 is a major pathogenic island of V. cholerae, which was known to be regulated by H-NS. Deletion of H-NS alleviated the cohesiveness of sister DNA copies within VPI-1 and the origin proximal part of the highly cohesive territory surrounding it (Figure 4) . Deletion of H-NS also reduced cohesion in the O-antigen region, even if this region is located in the origin domain of Chr1 (Figure 4) . The implication of a bacterial repressor in cohesion creates a parallel with the action of cohesins in eukaryotes, which ensure sister-chromatid cohesion but also participate in the regulation of transcription via the formation of topologically associated domains (Uhlmann, 2008) .
Hi-SC2 unveiled small locus-specific variations in the duration of cohesion
The Hi-SC2 methodology permits to monitor the relative frequency of contacts between sister copies at an unprecedented high resolution ( Figure S3 ). It unveiled short-range locus-specific variations in cohesion, which could not be observed using fluorescence microscopy (Figure 1-4 ). We are attracted by the idea that small locus-specific variations could be at the origin of the cyclic accumulation and relief of mechanical stress observed during the individualization of sister chromatids (Bates and Kleckner, 2005; Fisher et al., 2013) . The Hi-SC2 methodology will permit to investigate the multiple factors at the origin of the local variations in cohesion along the length of chromosomes, including the local transcriptional status for the genomic positions, the proteins binding to them, their composition in bases and their methylation.
Experimental Procedures
Bacterial strains and growth conditions. Strains are listed in Extended Data Table 2 . All V.
cholerae strains were derivatives of El Tor N16961 (Heidelberg et al., 2000) and were constructed by natural transformation (Meibom et al., 2005) . Plasmids used for the construction of strains are listed in Table S3 . Strains were grown in LB at 37° C for fast growth conditions or M9 media supplemented with 0.2% fructose at 30°C for slow growth conditions.
Cre-and Xer-based SC2 reporters. Cre and Xer are topologically independent recombinases, i.e. they can recombine sites belonging to different molecules, recombine sites directly repeated on the same molecule and sites in inverted orientations. The Cre-and Xer-based SC2 reporters consist of DNA cassettes flanked by two directly-repeated loxP or dif1 sites, respectively. The recombination sites were separated by 21 bp in the case of loxP and 27 bp in the case of dif to prevent their excision by intramolecular recombination.
Cre-activity reporter. The Cre-activity reporter consists of a DNA cassette flanked by two directly-repeated loxP sites separated by 205 bp. It is more than the persistence length of DNA, which permits excision by intramolecular recombination.
Tightly inducible Cre and Xer production alleles. To ensure no leaky production of Cre or Xer, the recombinase genes were placed under the control of the arabinose promoter (PBAD) and
the E. coli lacZ promoter was inserted at the end of the gene in inverse orientation (invPlac).
Transcription from invPlac inhibits leaky transcription from PBAD in the absence of arabinose.
IPTG was added to all cultures to ensure invPlac transcription before the time of induction of the recombinases. To further ensure no leaky production, the Cre and Xer production alleles were inserted as a single copy in the V. cholerae genome.
Reporter library construction. The Cre-and Xer-based SC2 reporters and the Cre-activity reporter were randomly inserted by transposition. The transposition plasmids used to insert the Cre-and Xer-based SC2 reporters and the Cre-activity reporter are derivatives of the pSWT23 suicide plasmid conjugation vector (Table S3 ; (Demarre et al., 2005) Sister-Chromatid Cohesion assays. Aliquots of the transposon library were thawed on ice and ~10 9 cells were diluted into 100 ml of media supplemented with IPTG. Cells were grown until exponential phase (OD600 0.2). Then, ~10 9 cells were centrifuged and transferred into 10 ml of fresh media without IPTG. After 30 minutes, arabinose was added at a final concentration of 0.02%. ~10 9 cells were recovered and frozen in liquid nitrogen at different time points after induction. For the essential gene analysis, cells were collected after 24 hours (FX409 and FX410 datasets). Sequencing data analysis. First, barcodes and adapter sequences were removed from the sequences using Cutadapt version 1.9.1 (Martin, 2011) . Second, Cutadapt was used to remove the transposon end sequence. Third, Cutadapt was used to select total reads and reads in which the reporter cassette had been excised. Finally, reads were aligned on the V. cholerae EEV29 genome with the BWA software (Li and Durbin, 2010) .
Hi-SC2 analysis. Unless otherwise stated, was calculated as the ratio between the number of single SSR sites over a 10 kbp window around the position and the total number of transposition insertion in this window. Note, however, that can also be analysed at the bp level. Points for which we recovered less than 500 reads, because the 10 kbp window contains too many essential genes or repeated sequences were deleted ( Figure S1 ). Hi-SC2 profiles were calculated using MatLab (Mathworks). Scripts are available on request.
Essential genes analysis. Essential genes and intergenic regions were determined using
ARTIST (Pritchard et al., 2014) . Results are shown in Table S6 .
Fluorescence microscopy analysis.
To confirm that the elevated frequency of cassette excision within the VPI-1 domain corresponded to a local increase in cohesion, we tagged a locus in the VPI-1 domain, just downstream of the pathogenicity island itself, L1, and a locus outside of the VPI-1 domain, L2, 80 kbp downstream of L1. As a control, we tagged two loci on the right replication arm of Chr1, R1 and R2, at a similar distance from ori1 than L1 and L2, respectively.
Hi-SC2 analysis suggested that the cohesiveness of sister R1 and R2 copies were similar. L1 and R1 were tagged with a parSPMT1 site. L2 and R2 were tagged with a 3 kbp lacO array.
The positions and numbers of L1 and R1 foci were visualized with a ParBPMT1-YGFP fusion Stouf et al., 2013) and the positions and numbers of L2 and R2 loci were visualized with a LacI-mCherry fusion (Lau et al., 2003) . Differences in timing of segregation under slow growth were determined by calculating the proportion of cells displaying 1 YGFP and 1 mCherry foci (1:1), 2 YGFP and 1 mCherry foci (2:1), 1 YGFP and 2 mCherry foci (1:2) and 2 YGFP and 2 mCherry foci (2:2). Cells from the 1:1 and 2:2 categories are not informative.
However, the proportion of cells belonging to the 2:1 and 1:2 categories reflect the difference in timing of separation of sister DNA copies at the two loci (Stouf et al., 2013) . Cells from the 1:2 or 2:1 category are not very abundant, which imposed the analysis of >1000 cells. Cells were grown in M9 media supplemented with fructose as described in the reporter cassette excision assays. Cells were placed on an agarose pad (1% w/v) (Ultrapure, Invitrogen). For snapshot analysis, cells images were acquired using a DM6000-B (Leica) fluorescence microscope equipped with an ORCA-Flash 4.0 camera (Hamamatsu) and piloted with MetaMorph (Version 7.8.8.0, Molecular Devices). They were analysed using MicrobeTracker (Sliusarenko et al., 2011) .
Data and materials availability. Hi-SC2 Sequence data was deposited in the ArrayExpress
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